Abstract-A mathematical model to predict the ultrasonic attenuation coefficient as a function of frequency in cortical bone is proposed, and the effects of micro-architectural changes on model parameters are studied in this work. Spectroscopy was performed in numerical finite differences time domain simulations to study the individual effects of pore diameter on ultrasonic attenuation. The attenuation coefficient was calculated by measuring the wave amplitude of the wave propagated in simulated bone slabs. Data obtained from numerical simulations show an acceptable match with the proposed model, and the model parameters varied consistently with increasing pore diameter in the cortical bone slabs. Results of this research indicate the potential of a mathematical model to predict the dispersion of attenuation in cortical bone as a function of frequency, pore size and pore density.
I. INTRODUCTION
Osteoporosis in cortical bone affects both pore density and pore concentration. A significant research effort has been conducted towards the development of ultrasonic techniques for the assessment and prediction of osteoporosis. Bone Quantitative Ultrasound (QUS) techniques are promising for two reasons. First, the mechanical essence of ultrasonic waves makes them a suitable tool to represent a combination of micro-mechanical and architectural properties of bone. Furthermore, ultrasound waves are non-ionizing, and they could be safely utilized to monitor bone loss on a regular basis.
A number of studies have been conducted to address the micro-architectural properties of bone using ultrasonic parameters. Most of them have been applied to the assessment of trabecular bone [1] - [6] . The interaction between ultrasound waves and the micro-architecture of cortical bone has not been investigated as thoroughly. Supporting the main load of the body, cortical bone contributes to 80 percent of the skeleton and also plays a key role in osteoporosis [7] . Mandarano-Fiho et al. [8] and [9] carried out numerical and experimental in vitro studies to evaluate the influence of cortical bone thickness on ultrasound wave velocity. Foiret et al. used guided waves to estimate cortical thickness [10] . Sievanen et al. [11] investigated the association between speed of sound and cortical density, cortical wall thickness and the total cortical area. In another study by Zheng [12] , the spectral ratio method was extended to estimate the broadband ultrasound attenuation (BUA) in cortical bone in axial transmission using the primary and multiple reflections between the material interfaces.
In spite of the aforementioned studies on QUS in cortical bone, an appropriate model which can relate ultrasound attenuation to the cortical microstructure remains to be proposed. Osteoporosis leads to modifications of the pore size and pore density in cortical bone. However, the effect of pore size and pore density modifications on ultrasonic parameters remains unclear. If a model was developed that incorporated these ultrasound parameters, performing an inverse problem on a given set of data would allow one to infer the micro-architectural properties of cortical bone. We hypothesize that studying the attenuation due to modifications of pore size and pore density can provide insights on the mechanisms for assessing the micro-architectural properties of cortical bone.
In this study, a model for predicting the ultrasonic attenuation coefficient in cortical bone as a function of frequency is proposed. In order to study the effect of pore size on the model parameters, a numerical finite differences time domain (FDTD) framework is used. Unlike in-vivo experiments, these numerical simulations enable us to have fine control over the 978-1-5386-3383-0/17/$31.00 ©2017 IEEE 
II. METHODOLOGY
An approach for determining dispersion of attenuation in cortical bone over a frequency range is discussed in this section. First, the spectroscopy method is detailed and then the simulation framework in which the spectroscopy has been performed is discussed.
A. Simulation Framework
The finite-difference time domain (FDTD) SimSonic research freeware (www.simsonic.fr) was used to simulate the propagation in media resembling cortical bone. This freeware can simulate elastic waves propagating in heterogeneous media with finely controlled mechanical and architectural properties. The media were constituted of solid slabs containing a distribution of fluid-filled pores. The solid phase was given the material properties of pure bone and the fluid those of water. The independently tuneable material properties can be defined at all points in space, which enables a deep understanding of their specific, individual effects. The bone geometry is generated using a Monte Carlo method for a given pore concentration and pore size. Pores with diamaters ranging from 0.04 to 0.12 mm are randomly distributed in the solid bone matrix until the required porosity is reached.
A plane wave constituted by a Gaussian ultrasonic pulse is transmitted through the medium, and the amplitude of the scattered wave is recorded along the propagation direction. Figure 1 depicts an example of a medium geometry and the emitted pulse. The slab dimensions are 3mm in the propagation direction and 15mm in the transverse direction. Table I summarizes the material properties used in the simulations.
In all simulations, Perfectly Matched Layers (PML) boundary conditions were applied at both ends of the geometry in the direction of wave propagation, so that the effect of reflections at the ends of the slab could be ignored. Symmetry boundary conditions were chosen in the direction 
B. Attenuation Spectroscopy
Simulation of a frequency sweep is performed on the geometries mimicking the cortical bone, in order to determine how the micro-architectural parameters of cortical bone affect the dispersion behavior of the ultrasonic wave propagating through the slab. The applied frequency range was chosen from 1 to 8 MHz with 0.5 MHz intervals. A power law model is then used to fit the attenuation VS frequency data points, as follows:
where α(f ) represents the attenuation coefficient as a function of frequency, and a, b, and c are the model parameters. In order to estimate these parameters when fitting the model to a given data set, an ordinary least squares inverse problem is performed. That is, one determines the parameter values that minimize the squared difference between the model (1) and the data being fit [13] . In order to address the effect of micro-architectural parameters on ultrasonic parameters, pore size is changed and the resulting changes in parameter estimates is studied.
By assuming an exponential decay for the propagated signal through bone sample [11] , the amplitude of the signals contained in the frequency domain can be approximated as follows:
where S(ω, x) represents the amplitude of the signal as a function of frequency, ω, and distance along the propagation direction; x. Hence, for each frequency, if ln|S(ω, x)| versus x is plotted, the absolute value for the slope of the linear fit to the data represents the attenuation coefficient α.
III. RESULTS AND DISCUSSION
A bone mimicking geometry with 10 pore/mm 2 and pore diameter changing from 40 to 120 μm was chosen, and for each case a dispersion spectroscopy was performed. Figure 2 illustrates the power law model fit to the spectroscopy data.
As the dispersion spectroscopy results reveal, there is a relatively good match between the data points and power law model.
The model parameters (a, b, c) were then plotted as a function of pore size, as shown in Figure 3 . There are clear trends in parameter estimates as pore size increases. This indicates the potential of studying a model which can predict the attenuation as a function of micro-architectural parameters. In other words, the proposed model in equation (1) can be modified as the following: In all the simulations and data represented here, the effect of absorption has not been taken into account. Hence, only the attenuation due to scattering has been considered.
IV. CONCLUSION
In this study, a model was proposed to estimate the attenuation coefficient of acoustic waves in the ultrasonic range for cortical bone. A power law model was used to fit the data points acquired from a set of spectroscopy measurements in cortical bone slabs, simulated in a Finite-Difference Time Domain freeware. The attenuation coefficient was measured from recording the wave amplitude along the propagation direction, for 1-8 MHz frequency range with 0.5 MHz interval. The proposed model showed a good match with the data points. Then for a constant pore density in cortical bone, the pore diameter was changed and its effect on model parameter estimates was observed. It was shown that as the pore diameter increases there are consistent trends in model parameters.
In the future, these spectroscopic methods will be performed for a constant pore size, in order to address the effect of pore density on attenuation. Moreover, a mathematical model will be developed based on the observed trends. The effect of absorption in the attenuation coefficient needs to be addressed as well. 
